patients followed to skeletal maturity, several were very dissatisfied with their short, deformed, and weak limbs, but would not consent to an amputation procedure.'* At the same time, some parents requested an amputation for their child after three to four failed operations. It thus seems that a realistic role of amputation is the management of these patients would be one to their advantage.
The unfortunate predicament is that there are no clear indications for amputation. On the one hand, Van Ness'' reported that there was no therapeutic reason for amputation. Similarly, Sofield16 admonished the surgeon to "keep trying." However, Boyd and Sage' pointed out that although one of his patients who was a surgical failure was a social and economic success, some surgical successes were not so fortunate. More often recommendations lack specificity," or authors do not even mention amputation. The only definite indication appears in the report by Rathgeb et af. 15 These differences are not surprising, considering the fact that congenital pseudarthrosis of the tibia is a rare disease process of extreme variability. The etiology is not known, and the treatment is based on random observations. Nevertheless, from the many observations reported, some valid criteria have been distilled for evaluating the chances of success. Although many of these criteria are based on opinion rather than fact, some correlate with outcome in a significant number of cases. 0009-92lX/82/0600/021 $00.85 0 J. B. Lippincott Co
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DISCUSSION N EUROFIBROMATOSIS
Although PagetI3 may be credited with recognizing nonunions in children as a clinical entity, it was not until 1939 that Barber3 recognized the association of nonunion of the tibia in children with neurofibromatosis. Since then, there has been a great deal of controversy, not only about how common the disorder is in association with pseudarthrosis of the tibia, but also, as to what affect the presence of neurofibromatosis may have on outcome.
Whereas Van Ness" reported a 0% incidence of neurofibromatosis in his series of 22 patients, Sofield," in a retrospective review of 106 cases at the Shriners Hospitals, found 42 cases (40%) of neurofibromatosis, and Masserman et ~1 .~ from the Mayo Clinic, in a series of 52 patients, reported an incidence of 39%. It would thus appear that the approximate average incidence in most series is 40%. However, it must be remembered that the stigmata of neurofibromatosis may not appear in childhood. Scrutiny of the family history and examination after puberty are more revealing. It therefore may be assumed that the reported incidence is not this low, but it does not approach 100%.
Even more troubling is the controversy about how the presence of neurofibromatosis affects the result in pseudarthrosis of the tibia. The prevailing opinion is that the presence of neurofibromatosis darkens the outlook for the affected limb. Andersen' postulates that neurofibromatosis is directly associated with dysplastic congenital pseudarthrosis, which in itself carries a poor prognosis. However, this association between a certain type of pseudarthrosis and the presence or absence of neurofibromatosis has been disputed.12 In Sofield's'' series of 106 patients, there appeared to be little difference in the incidence of neurofibromatosis in those patients who had amputation, nonunion, or union. Likewise, in the report of Masserman et af.' from the Mayo Clinic, the incidence of neurofibromatosis in those who had union was not significantly different from the incidence in the entire series. Morrissy et al." also noted that there was no relationship between the presence or absence of neurofibromatosis and the ultimate functional result, but did note the development of central nervous system gliomas in 25% of children at long-term follow-up. Thus, the presence of neurofibromatosis in this condition may have altered the prognosis ultimately, but not in terms of the tibia.
Some authors'" have reported the presence of neurofibroma at the site of the congenital pseudarthrosis. The fact that this is actually a neurofibroma arising within bone is to be disputed by the bulk of histologic evidence. It is more likely that in many of these reported cases, the neurofibroma is adjacent to bone. Its relationship to the pseudarthrosis remains questionable.
Although it is indisputable that the clinical syndrome of neurofibromatosis is related to congenital pseudarthrosis of the tibia, the relationship is not absolute nor does it seem to affect the outcome.
CLASSIFICATION OR TYPE
In studying congenital pseudarthrosis of the tibia, the distinct and varying radiologic, clinical, and pathologic presentations are impressive. However, to date, there is still no clear, universally-accepted classification based on radiologic or clinical appearance. Indeed, there are at least six different classifications which appear in the recent literature, 1.4.5.10,1.5. 16 This would indicate that none is based on a totally accurate concept of the etiology, natural history, and treatment result. For any classification to be valid or useful, it should accurately reflect at least one of these aspects.
A classification based on radiologic appearance has been proposed by Andersen.' Among the various types in his series are the "clubfoot," "cystic," ''late,'' "dysplastic," and "angulated pseudarthrosis." According to his data, the clubfoot type had the best results while the dysplastic type had the worst. However, close examination shows that the cases were too few for statistically significant analysis. It should be noted that, as is true for many series, the criterion for success was union, but of the three clubfoottype cases, one with union had subsequent amputation.
Use of a classification which is based on radiologic appearance of the tibia can become confusing in that the pattern can change from one variety to another during treatment. Thus, what may first appear as a cystic lesion with an apparently good prognosis may, after one or two attempts at grafting, appear as a dysplastic lesion with a poor prognosis.'2.'4. '5 Classification based on clinical appearance has been presented by Masserman et ~1 .~ Their classification includes three types: Type I, a tibia which was normal at birth and subsequently developed a bowing or fracture; Type 11, a tibia with bowing at or shortly after birth; and Type 111, a tibia with a typical pseudarthrosis at or shortly after birth. Unfortunately, most of these classifications attempt to group patients according to the information available in a retrospective study and have not been shown to have enough validity to provide reliable guidance.
The most valid beginning to a useful classification is that presented by Boyd in this symposium. Collective of an unequaled lifetime of study and observations of this disease, he correlates all available information, e.g., clinical presentation, radiographic appearance, and histology, with the natural history. Although the validity of this classification will need the test of time, it currently represents the most complete and accurate classification and is probably the best single aid the physician can have when a patient presents with congenital pseudarthrosis of the tibia. However, even this is not enough for an accurate prognosis in a high percentage of cases.
SURGERY
Frequently, one surgical procedure is recommended as producing superior results. Two components of the surgery are the types of fixation which are used and the types of bone graft which are used. Both are separate and they may have separate effects. The concept that the type of graft or fixation used will have a profound affect on the result is explicit in the orthopedic l i t e r a t~r e , ' .~-~.~~--
The treatment of congenital pseudarthrosis of the tibia prior to 1949 is well summarized by Moore." Since that time, numerous types of bone grafts, primarily autogenous, have been advocated, e.g., Moore's delayed bone graft, McFarland's'O bypass bone graft, and Boyd's' dual onlay graft. Moore's concept was based on experimental evidence that new bone formation was increased in a delayed graft. Mc-Farland's concept was based on his belief that mechanical bowing of the leg continued the pseudarthrosis and that only by placing a sound mechanical strut could this be alleviated. Boyd's graft was an attempt to produce a bone grafting and rigid internal fixation simultaneously by the use of cortical onlay bone grafts. Farmer7 revived a littleused technique which had been popular among European surgeons at the turn of the century: that of composite cross-leg pedicle bone grafting. This operation differs significantly from all other bone graftings in that the graft has a continuous blood supply and remains viable.
As would be expected, all of these reports reflect excellent results in the authors' hands. Unfortunately, very little data are available comparing the long-term follow-up of a large number of operations. One series is reported in this symposium by Murray and Lovell. In another series, Morrissy et d.12 compared 167 operations and found that the Farmer operation was clearly superior to the others, with a success rate (produced union) of approximately 55% as compared to 12.5% for but the validity is suspect.
I1.16.17
Clinical Orthopaedics and Related Research onlay grafts and 7% for McFarland's by-pass grafts. The use of homogenous bank bone alone produced union in 17% of cases and autogenous bone alone, in 10%. In view of the clear superiority of the Farmer graft, the fact that it possesses a major biologic difference from all the other grafts is significant. Thus, while it appears that the use of one type of conventional bone graft has no clear advantage over another, it also appears that vascularized bone grafts may have a higher success rate.
It is common to think of the type of fixation as used in mechanical terms only. While this is correct to an extent, it must be remembered that fixation is simply a mechanical means to bring about an alteration in the local biology of the area. This is extremely important, because were it not for some abnormal biological circumstance, the bone would unite if held in contact. Certainly, congenital pseudarthrosis of the tibia is a disorder wherein altered biology is of paramount importance in that a normal-appearing tibia bends, breaks, and then fails to unite.
The minimal requirements of fixation are always to bring the bone into apposition and to immobilize it until healing occurs. However, the problems with fixation of the bone in congenital pseudarthrosis of the tibia are considerable. The child's bones are often small and frequently osteopenic. In addition, children are extremely active, and fixation must be good to withstand stresses. But perhaps the most difficult problem is that the distal tibial segment is often very small.
Of all the methods of fixation used, it is difficult to prove that one is superior. No recommendations for one type of fixation could be made in the report by Murray and Love11 in this symposium, nor in the series of Morrissy er al.,12 where 167 surgical procedures were analyzed. This may be because no one method is truly superior, or, it may be that fixation does not significantly effect the outcome; however, Charnley,6 and Coleman in this symposium, report otherwise. Whatever the reason, the problem of correct fixation is still very real for the surgeon who must hold the bone ends in apposition, statistics notwithstanding. It appears that in children too small for compression plating or with a distal fragment that is too small, intramedullary rodding, as described by Van Ness, Charnley, and Coleman in this symposium, offers the best solution. But whether or not this rod crossing the ankle and subtalar joint contributes to the problems seen in these children after union' is a point of controversy. Van Ness" did not feel that the pin penetrating the physis or tarsus was responsible for the shortening seen in his patients since such shortening also occurred in patients in whom no fixation was used. Charnley6 reported that fibrous ankylosis of the ankle resulted in his two cases, but no growth disturbance was observed.
One factor which may be of help to the surgeon in making decisions is the number of bone grafts which have been done. There are few strong recommendations in the literature for amputation after a certain number of bone grafts. Based on the experience of a large series, Rathgeb et al." felt that amputation should be considered if a persistent nonunion were present after three surgical attempts at healing. Likewise, Masserman et al. ' recommended that at least two surgical procedures be attempted in his Type I and Type I1 classifications, while for those in Type 111, earlier amputation might be considered. In the series by Morrissy et al.," no patient had a good result if more than three bone grafts were needed to achieve union. Unfortunately, there was no significant difference (p > 0.05) in the number of bone grafting operations between those patients whose results were better than an amputation, i.e., fair, and those who would have been better functionally and cosmetically with an amputation, i.e., poor. Thus, the number of graftings is but one factor of many that should be used to decide on further grafting versus amputation.
SHORTENING
Shortening has long been recognized a problem in congenital pseudarthrosis of the tibia, with patients frequently needing surgery to correct leg length discrepancy. But, despite this common occurrence, little attention has been given to the etiology. Assuming that the bowing is straightened, there should be little reason for a short limb unless epiphyseal growth is inhibited. Badgley et al. ' were of the first to note that in cases of con-genital pseudarthrosis of the tibia, a delay in ossification of the lower tibial epiphysis was frequent. However, they also stated that normal development was the rule in these cases, i.e., growth from the epiphyseal ends continued normally. They made no comment about the ultimate shortening.
Van Ness,I7 who also noted shortening to be a problem in his patients, stated that it resulted from premature fusion of the distal tibial epiphysis, independent of the type of fixation or grafting used. He suggested that the growth retardation that occurred in the distal tibial epiphysis was of the same etiology as that of segmental dysplasia of the distal part of the diaphysis. He also suggested that the shortening would be more important or more pronounced the more distal the pseudarthrosis was.
Andersen' concluded that the more atrophy of bone and the smaller the distal fragment the more severe the pseudarthrosis. Unlike Van Ness,I7 he related this to the insertion of a rod or pin through the epiphysis.
Morrissy et al." found that shortening was directly related to the result, even when it was not included as a criterion. In most cases wherein the initial roentgenograms were available, the pseudarthrosis was noted to have occurred at the junction of the middle and lower third. However, with time, it appeared that some pseudarthroses had moved distally. In reality, however, the distal tibial epiphysis had not grown while the proximal tibial epiphysis had; thus, the diaphyseal segment proximal to the pseudarthrosis had become longer, while that distal to the pseudarthrosis had become shorter because of resorption ( Figs. 1 A-1 C) . This led to an adverse result, not only because of the difficulty with fixation to the small distal fragment, but also because healing seemed to be impossible. In those cases of the Farmer operation which did not unite after the first operation, the nonunion had always occurred at the distal fragment. In addition, the irregular growth of this epiphysis con-
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PROPHYLACTIC GRAFTING
The question of whether or not grafting prior to fracture will alter the outcome is not completely resolved. The only report of such a series in the literature is that by Lloyd-Roberts and Shaw.* In their report of seven cases, the results are less than conclusive, with four of the seven patients having amputation or pseudarthrosis at follow-up. Three of the patients united, with follow-up ranging from nine months to seven years. It is perhaps acceptable to state that those patients who have a cystic type of lesion without fracture often do well with currettement and grafting; but in view of the wide variations in the natural history of this disease, it is difficult to state that prophylactic grafting is beneficial on the basis of two of seven patients who, at age seven and nine, have not yet fractured. Nonetheless, to recommend that the surgeon remain idle while this tibia develops progressive deformity is very difficult. Although, as reported by Nicoll,13 some cases may correct, these are the minority. Thus, prophylactic treatment may be recommended in such cases, especially the cystic types. However, developmental techniques, e.g., electrical stimulation, may also have a valid use in such circumstances. tributed significantly to the ankle deformity so often seen in these patients.
Since that time, two cases which had failed to unite after several operations have been studied employing technetium bone scanning. In both of these, the uptake of radioneuclide by the distal tibial epiphysis and the distal metaphysis was notably deficient as compared to the contralateral side, indicating a decreased blood flow t o the segment ( Figs. 2A and 2B ). In light of Hagen's excellent review in this symposium of the blood supply to the distal tibial epiphysis and distal tibia, it is possible that the repeated surgical operations and scarring, as well as the fibrous tissue growth, may have accounted for the interruption in blood supply and thus brought about a poor result.
Patients who have a short distal tibial epiphysis are also frequently afflicted with the following as Andersen' points out so well in his review: limitation of motion at the ankle, pain in the ankle, and atrophy of the leg and foot. Therefore, one additional prognostic sign in the patient with congenital pseudarthrosis of the tibia is the degree of shortening, with careful attention to the growth of the distal tibial epiphysis.
RESPONSE TO GRAFTING
Perhaps one of the most reliable prognostic parameters is tibial response to bone grafting: in many cases, the bone graft material is rapidly resorbed (Figs. 1 A-1 C ) , while in others, a large amount remains despite the fact that union is not achieved. It has been shown that rapid resorption of the graft material is a poor prognostic sign, while viability of the graft material is a good sign.I2 This is most reliable if determined at the initial grafting procedure, but seems to hold true with subsequent procedures as well. Also observed in this series was that the Farmer procedure consistently produced the largest amounts of remaining graft material, which may mean that continued blood supply is important, and the new techniques of microvascular grafting and electrical stimulation are even more worthy of trial.
SUMMARY
Congenital pseudarthrosis of the tibia is a rare disease of unknown etiology and variable natural history. Treatment offers a high percentage of poor results. The decision of when the limb will be cosmetically and functionally better than a below-knee prosthesis is a critical one that the orthopedic physician must reach with the patient. The presence or absence of neurofibromatosis apparently does not alter the result. Those cases which show a cystic radiographic appearance have a more favorable prognosis than those which become or present as dysplastic. The more times the patient is bone grafted without success, the worse the result is likely to be. Shortening of the limb is not only important from a functional standpoint but may also serve as a prognostic index for the difficulty of achieving union as well as subsequent problems with ankle stiffness, pain, and deformity. The response to grafting may also be an important factor in determining the result; those patients who rapidly resorb the graft have a poor chance for a successful outcome. It does not appear that the type of bone grafting procedure is of large significance unless the graft has its own blood supply. Although prophylactic grafting cannot be demonstrated to alter the natural history of this disease, it, along with other developmental techniques, may be advisable.
